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 ABSTRACT
 The objective of this study was to compare the envi-
ronmental impact of Jersey or Holstein milk production 
sufficient to yield 500,000 t of cheese (equivalent cheese 
yield) both with and without recombinant bovine so-
matotropin use. The deterministic model used 2009 
DairyMetrics (Dairy Records Management Systems, 
Raleigh, NC) population data for milk yield and com-
position (Jersey: 20.9 kg/d, 4.8% fat, 3.7% protein; 
Holstein: 29.1 kg/d, 3.8% fat, 3.1% protein), age at 
first calving, calving interval, and culling rate. Each 
population contained lactating and dry cows, bulls, 
and herd replacements for which rations were formu-
lated according to DairyPro (Agricultural Modeling 
and Training Systems, Cornell, Ithaca, NY) at breed-
appropriate body weights (BW), with mature cows 
weighing 454 kg (Jersey) or 680 kg (Holstein). Resource 
inputs included feedstuffs, water, land, fertilizers, and 
fossil fuels. Waste outputs included manure and green-
house gas emissions. Cheese yield (kg) was calculated 
according to the Van Slyke equation. A yield of 500,000 
t of cheese required 4.94 billion kg of Holstein milk 
compared with 3.99 billion kg of Jersey milk—a direct 
consequence of differences in milk nutrient density (fat 
and protein contents) between the 2 populations. The 
reduced daily milk yield of Jersey cows increased the 
population size required to supply sufficient milk for 
the required cheese yield, but the differential in BW 
between the Jersey and Holstein breeds reduced the 
body mass of the Jersey population by 125 × 103 t. 
Consequently, the population energy requirement was 
reduced by 7,177 × 106 MJ, water use by 252 × 109
L, and cropland use by 97.5 × 103 ha per 500,000 t of 
cheese yield. Nitrogen and phosphorus excretion were 
reduced by 17,234 and 1,492 t, respectively, through the 
use of Jersey milk to yield 500,000 t of Cheddar cheese. 
The carbon footprint was reduced by 1,662 × 103 t of 
CO2-equivalents per 500,000 t of cheese in Jersey cows 
compared with Holsteins. Use of recombinant bovine 
somatotropin reduced resource use and waste output 
in supplemented populations, with decreases in carbon 
footprint equivalent to 10.0% (Jersey) and 7.5% (Hol-
stein) compared with nonsupplemented populations. 
The interaction between milk nutrient density and 
BW demonstrated by the Jersey population overcame 
the reduced daily milk yield, thus reducing resource 
use and environmental impact. This reduction was 
achieved through 2 mechanisms: diluting population 
maintenance overhead through improved milk nutrient 
density and reducing maintenance overhead through a 
reduction in productive and nonproductive body mass 
within the population. 
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 INTRODUCTION 
 The environmental sustainability of animal agricul-
ture has recently undergone considerable scrutiny as 
this issue comes to the fore of political, social, and 
economic agendas (Food and Agriculture Organization, 
2006, 2010). Improving productivity demonstrably 
reduces the environmental impact of dairy production 
(Capper et al., 2008, 2009). This is achieved through 
the “dilution of maintenance” (DOM) concept, where-
by the maintenance nutrient requirement is spread over 
increased units of production, reducing natural resource 
use and greenhouse gas (GHG) emissions per unit of 
milk. 
 Previous research on the interaction between pro-
ductivity and environmental impact has focused on the 
effect of changing milk production per cow, with DOM 
having an effect at both the individual animal and the 
supporting herd or population level. However, the roles 
of other animal performance characteristics that affect 
population maintenance overhead warrant further in-
vestigation. As maintenance nutrient requirements are 
directly affected by BW and activity level, an oppor-
tunity to reduce total maintenance overhead through 
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changes in BW while maintaining dairy production 
would be predicted to reduce the environmental impact 
of milk production. Similarly, the potential environmen-
tal effect of changes in performance characteristics such 
as age at first calving (AFC), herd life, and calving 
interval (CI) that affect the dynamics and size of the 
supporting population have not yet been quantified.
Over the past 65 yr, per capita consumption of fluid 
milk has declined and cheese consumption has increased 
(National Milk Producers Federation, 2009). Given 
that over 40% of milk produced in the United States is 
currently used for cheese production, it is appropriate 
to assess the environmental effects of improved pro-
ductivity not simply as a function of milk yield, but as 
the interaction between milk yield and milk nutrient 
density (fat and protein content), which is the major 
determinant of cheese yield. Increasing milk nutrient 
density would be predicted to reduce the quantity of 
milk required for cheese production and thus to have 
a positive effect upon environmental impact, although 
this effect is yet to be quantified.
The US dairy herd comprises 90.1% Holstein and 
5.3% Jersey cattle (USDA, 2007a), 2 breeds that dis-
play very different performance characteristics, notably 
a higher milk yield in the Holstein breed compared with 
a higher milk nutrient density and a lesser BW in the 
Jersey breed. The environmental impact of recombi-
nant bovine somatotropin (rbST) has been evaluated 
in Holstein populations (Johnson et al., 1992; Dunlap 
et al., 2000; Capper et al., 2008) but the effect in small-
framed dairy breeds with a generally lower daily milk 
yield has not yet been defined. In this study, we used a 
deterministic model to assess the environmental impact 
of producing sufficient milk to yield 500,000 t of Ched-
dar cheese from either the Jersey or Holstein popu-
lations using national data for production year 2009, 
with and without rbST supplementation.
MATERIALS AND METHODS
This study used data from existing reports and da-
tabases and required no approval from an animal care 
and use committee. Environmental impact was assessed 
using a deterministic model based on animal nutrition 
and metabolism and founded on life cycle assessment 
(LCA) principles. The model was designed to compare 
the environmental impact of milk production from 4 
populations, each containing either Holstein or Jersey 
cows, with and without rbST supplementation.
The system boundaries extended from the production 
of feed and forage crops (including crop input manufac-
ture) through and including milk harvest. It did not 
include milk transportation, off-farm processing, pack-
aging, or consumption. The functional unit by which 
environmental impact was assessed was the amount 
of milk required to manufacture 500,000 t of Cheddar 
cheese yielded over a 365-d period. The amount of milk 
required for Cheddar cheese production from each pop-
ulation was calculated from the Van Slyke equation for 
Cheddar cheese yield (Coggins, 1991): CY = (0.93MF 
+ 0.80P – 0.1) × 1.09/(1 – desired M/100), where 
CY is Cheddar cheese yield, MF is milkfat, P is milk 
protein, and M is the desired cheese moisture content. 
Cheddar cheese yield was set at 500,000 t and cheese 
moisture at a standard of 37% for Cheddar (Coggins, 
1991). The milk required for Cheddar cheese produc-
tion was calculated according to breed-specific milkfat 
and protein concentrations at 0.101 kg of cheese/kg 
of milk (Holstein) and 0.125 kg of cheese/kg of milk 
(Jersey; Table 1).
Breed-specific performance data were obtained from 
the DairyMetrics database (Dairy Records Management 
Systems, DRMS, Raleigh, NC; accessed November 13, 
2009) and are summarized in Table 1. Performance 
data were based on breed averages from 1.88 million 
Holstein cows located in 12,374 herds, and 68,916 Jer-
sey cows from 634 herds located throughout the United 
States. The Holstein population averaged 29.1 kg of 
milk daily (9,554 kg rolling herd average, RHA) with 
milk components for milkfat and protein averaging 3.8 
and 3.1%, respectively. Jersey cows averaged 20.9 kg of 
milk daily (6,467 kg RHA) with a milkfat concentration 
of 4.8% and protein content of 3.7%. Holsteins had a 
longer average CI (14.1 mo) than Jerseys (13.7 mo) 
and a later AFC at 26.1 mo compared with 25.3 mo. 
The culling rate was converted from a removal rate 
(includes culls and deaths) to an estimated herd life. 
The annual Holstein removal rate was 34.5%, which 
was equivalent to an expected herd life of 2.54 lacta-
tions, whereas Jersey cows had a removal rate of 30.0%, 
corresponding to an expected herd life of 3.0 completed 
lactations. The average number of days dry was not 
directly available from the DRMS DairyMetric system, 
but available information indicated that it did not dif-
fer significantly between the 2 breeds. Thus, average 
days dry for both breeds was set to a typical US goal 
of 60 d (USDA, 2007a). Average SCC did not differ 
significantly between the 2 populations and was set 
at 250,000, the DRMS DairyMetric system-wide aver-
age. Somatic cell count was used within the model as 
a proxy to calculate milk loss resulting from mastitis 
(Raubertas and Shook, 1982).
Supplementation with rbST was modeled according 
to FDA-approved guidelines (Posilac, Elanco Animal 
Health, Greenfield, IN) that indicates supplementation 
may commence any day between 57 and 70 DIM and 
continuing every 14 d until the end of lactation. Supple-
mentation within the current model was set to com-
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mence at 63 DIM. Under these guidelines, and with the 
reproductive parameters used in this model, each cow 
was eligible for 16.4 (Holstein) or 18.0 (Jersey) doses 
of rbST on an annual pro-rated basis. This difference 
exists due to variation in CI between the 2 populations 
because cows with longer CI have a greater proportion 
of days eligible for rbST supplementation. However, in 
this comparison, Jersey cows spent an extra 0.46 lacta-
tions in the milk herd, which gave them more oppor-
tunity for rbST supplementation eligibility. Milk yield 
response to rbST was based on data that demonstrate a 
central tendency toward 4.5 kg/d (Hartnell et al., 1991; 
Pell et al., 1992; Ruegg et al., 1998; Bauman et al., 
1999; Collier et al., 2001). Previous data indicate that 
rbST use has no significant effect on culling (Ruegg et 
al., 1998; Bauman et al., 1999); therefore, no adjust-
ment in replacement rate was required for rbST use. 
Mastitis incidence has been associated with an increase 
in milk yield; however, studies have shown no significant 
changes in the severity or duration of mastitis in rbST-
supplemented animals in commercial use (McClary et 
al., 1994; White et al., 1994; Judge et al., 1997; Tauer 
and Knoblauch, 1997; Ruegg et al., 1998; Bauman et 
al., 1999; Collier et al., 2001).
Each dairy population contained both productive 
animals (lactating cows) and supporting nonproductive 
animals (dry cows, replacement heifers, and mature and 
adolescent bulls). Calves not destined as replacement 
animals (e.g., bull calves and freemartins) were as-
sumed to leave the population immediately after birth.
Population sizes and structures were determined by 
a lactation model according to the annual production 
requirement for 500,000 t of cheese yielded given the re-
ported performance factors. Previous studies (Keown et 
al., 1984; Knight et al., 1998) indicated that increases 
in US milk production have been due to an increase in 
the height of the lactation curve rather than a change in 
the shape of the curve (i.e., no change in persistency). 
Furthermore, no evidence exists to suggest that the 
shape of lactation production curves differs according 
to breed, thus, 2 standard-shaped lactation curves were 
used, one for primiparous cows and one for multiparous 
cows. The multiparous lactation curve was used for 
lactations 2 through 5 and accounted for differences in 
maturity (Keown et al., 1984). Once lactation curves 
were established, performance factors (AFC, days dry, 
CI, SCC, and expected herd life) were fitted simultane-
ously by lengthening and shortening production cycles 
Table 1. Breed-specific performance data inputs to the model 
Performance  
characteristic Holstein Jersey
Daily milk yield,1 kg 29.1 20.9
Milkfat,1 % 3.8 4.8
Milk protein,1 % 3.1 3.7
Cheese yield,2 kg/kg of milk 0.101 0.125
Calving interval,1 mo 14.1 13.7
Dry period length,2 d 60 60
Annual turnover,1 % 34.5 30.0
Expected number of lactations2 2.54 3.00
Age at first calving,1 mo 26.1 25.3
Heifer:cow ratio1 0.86 0.83
Heifers aged 0–12 mo,3 % 46.2 48.0
Heifers aged >12 mo,3 % 53.8 52.0
Bull:cow ratio4 0.023 0.027
Young replacement bulls,5 % 46.2 45.4
Mature breeding bulls,5 % 53.8 54.6
Prorated rbST response,6 kg/d 3.4 3.4
Annual number of rbST doses/cow7 16.4 18.0
1Data from DairyMetrics database (Dairy Records Management Systems, Raleigh, NC); accessed November 
13, 2009.
2Calculated as a function of data from DairyMetrics database (Dairy Records Management Systems); accessed 
November 13, 2009.
3Calculated as a function of the heifer:cow ratio and age at first calving.
4Calculated as a function of postpubescent female cattle within the herd, calving interval, AI adoption (de 
Vries et al., 2008), and the recommended number of bulls per cow (Overton, 2005).
5Calculated as a function of the bull:cow ratio and assumed age at adolescent stage (25 mo) versus maturity 
(36 mo).
6Based on response data showing a central tendency of 4.5 kg/d per supplemented cow (Hartnell et al., 1991; 
Pell et al., 1992; Ruegg et al., 1998; Bauman et al., 1999; Collier et al., 2001), prorated according to the propor-
tion of noneligible cows within the milking cow population.
7Calculated from the state date of recombinant bST (rBST) supplementation (63 DIM), calving interval, and 
number of lactations in the herd for each breed.
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and adjusting the curves up or down until the stated 
average daily milk performance was generated from the 
modeled curves. As a check, the resulting RHA was 
computed and the final model adjusted in an iterative 
manner until the computed RHA was within 1% of the 
reported RHA, and average daily milk was equal to 
the reported performance. Because lactation curves 1 
through 5 were fixed in shape, adjustments to average 
production were made simply by adjusting the curves 
up or down with a constant in 0.05-kg increments added 
to the daily milk weights until the average milk weight 
across all milk weights was equal to the average daily 
production in DRMS. The required number of milking 
cows was derived from the average daily milk produc-
tion, and that of dry cows from expected herd life and 
days dry. The number of replacement heifers within 
the population was determined based on sex ratio at 
birth, twinning rate (including estimated incidence of 
freemartinism), mortality rates at various ages, repro-
ductive losses (USDA, 2007b), and using the reported 
AFC from the DRMS DairyMetrics system. Artificial 
insemination accounts for 70% of successful concep-
tions (de Vries et al., 2008); therefore, sufficient bulls 
were included in the population to represent 30% of 
conceptions at a bull:cow ratio of 1:25 (Overton, 2005), 
plus AI bulls (including the young sire programs).
Lactating cows were assigned to up to 5 feeding groups 
according to milk production, with separate groups for 
primiparous and multiparous cows. Thus, depending on 
average level of production, up to 10 different lactating 
cow feeding groups were possible (Table 2). Dry cows 
were divided into a far-off and close-up group, heifers 
into 2 age groups, and bulls into adolescent and mature 
feeding groups.
To investigate rbST supplementation, lactation 
curves were modified to reflect the effect of an aver-
age 4.5-kg increase in milk production, starting at 63 
DIM through the last day of lactation. The 14-d cy-
clical nature of the rbST-induced production increase 
was accounted for, but no other performance charac-
teristics were modified. The environmental impact of 
Posilac manufacture, use, and disposal were accounted 
for in the model according to the full LCA published 
by Hogan (2009). Supplementation with rbST slightly 
increases the labor requirement for cow management; 
however, quantification of labor use associated with dif-
ferent breeds or management practices was outside the 
scope of this manuscript.
Rations were formulated to meet the nutrient re-
quirements of each group of animals within each dairy 
population according to BW, milk yield (lactating 
cows only), and growth rate (where appropriate; Table 
2). Considerable differences in heat-stress tolerance 
would exist between the 2 breeds in specific regions of 
the United States; however, the main purpose of this 
study was to identify the effects of BW, milk yield, 
and milk nutrient composition, thus it was assumed 
that all animals were at thermoneutrality. All rations 
Table 2. Body weight and performance data for each feeding group within the model for the Holstein versus Jersey comparison 
Dietary group
Holstein Jersey
BW,  
kg
Milk 
yield,1 kg/d
Growth 
rate,2 kg/d
BW,  
kg
Milk 
yield, kg/d
Growth 
rate, kg/d
Primiparous lactating cows3       
 4.5 to 13.5 kg/d 590 — 0.246 408 13.0 0.125
 13.6 to 27.1 kg/d 590 23.0 0.246 408 20.4 0.125
 27.2 to 40.7 kg/d 590 30.6 0.246 408 — 0.125
 40.8 to 54.3 kg/d 590 — 0.246 408 — 0.125
 54.4 to 68.0 kg/d 590 — 0.246 408 — 0.125
Multiparous lactating cows3       
 4.5 to 13.5 kg/d 680 13.5 — 454 10.0 —
 13.6 to 27.1 kg/d 680 20.0 — 454 20.7 —
 27.2 to 40.7 kg/d 680 35.0 — 454 31.7 —
 40.8 to 54.3 kg/d 680 42.4 — 454 — —
 54.4 to 68.0 kg/d 680 — — 454 — —
Far-off dry cows 680 — — 454 — —
Close-up dry cows 680 — — 454 — —
Replacement heifers 0–12 mo 165 — 0.668 113 — 0.461
Replacement heifers >12 mo 415 — 0.607 280 — 0.420
Adolescent bulls 385 — 0.898 265 — 0.621
Mature bulls 1,089 — — 726 — —
1Values derived from the dynamics of the dairy population producing required an average milk yield of 29.1 kg/d (Holstein) or 20.9 kg/d (Jersey) 
across all lactating cows as described in the Materials and Methods section. Average milk yield values shown for non-recombinant bST (rbST) 
population; add 3.4 kg/d for the rbST-supplemented population.
2Predicted by the breed-specific weights at birth (43 kg for Holstein calves, 28 kg for Jersey calves) and first calving (545 kg for Holstein calves, 
363 kg for Jersey calves) and ages at first calving (26.1 mo for Holstein, 25.3 mo for Jersey).
3Groups with a “—“ value for milk yield or growth rate did not contain any animals in this comparison.
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were formulated using DairyPro (Agricultural Model-
ing and Training Systems, Cornell, Ithaca, NY; AMTS, 
2010) using the most commonly used feed ingredients 
(corn silage, alfalfa hay, dry ground corn grain, soybean 
meal) as defined by Mowrey and Spain (1999), with 
the addition of wheat straw and grass hay to balance 
rations when required. Manure output was based on an 
average diet digestibility factor across all diets of 0.65 
(Capper et al., 2009). Daily nitrogen and phosphorus 
excretion for each animal group were calculated using 
DairyPro (AMTS, 2010).
As per common practice within the US dairy indus-
try, Holstein bull and freemartin calves were assumed to 
leave the dairy system at 3 d of age to be reared as beef 
animals. The resource use and waste output from the 
rearing of these animals is therefore allocated to beef 
production and is not included within this analysis. In 
contrast, Jersey calves are seldom reared for beef due to 
their small mature size, thus Jersey bull and freemartin 
calves were assumed to be killed and composted just 
after birth. Carbon emissions from composting were 
calculated according to Payne and Pugh (2011) from 
the carbon content (14.5% of liveweight) of a 28-kg 
calf, assuming that all carcass carbon would be con-
verted to atmospheric methane with 100% efficiency. 
An efficiency of this magnitude is unlikely to occur; 
however, in the absence of more precise data, it acts as 
to reinforce the conservative nature of the comparison 
between Jersey and Holstein. It is acknowledged that 
the practice of killing and composting calves is un-
likely to be acceptable to the consumer and thus could 
threaten the social sustainability of dairy production 
from Jersey calves. The use of this practice within this 
model does not imply that the practice is condoned by 
the authors: adoption of sexed semen or improved man-
agement of Jersey calves raised for beef would reduce 
this loss within the system.
Dietary soluble residue, hemicellulose, and cellulose 
intakes were used to calculate enteric methane produc-
tion from all animals within each population (Moe 
and Tyrrell, 1979). The fraction of nitrogen emitted 
as enteric nitrous oxide was calculated from data re-
ported by Kaspar and Tiedje (1981) and Kirchgessner 
et al. (1991). Methane emissions from stored manure 
were estimated using methodology prescribed by the 
US Environmental Protection Agency (US EPA, 2010) 
based on the quantity of volatile solids (i.e., the volatile 
components of feces) excreted, maximum methane-
producing potential (0.24 m3/kg of volatile solids), and 
a conversion factor (21.7) for liquid storage systems. 
Intergovernmental Panel on Climate Change (IPCC, 
2006) emission factors were used to calculate nitrous 
oxide emissions from manure. Biogenic carbon, which 
rotates continuously through the relatively short-term 
cycle from the atmosphere into crops and animals and 
back to the atmosphere through animal respiration, 
was considered neutral with respect to GHG emissions. 
Carbon sequestration into plant tissue and CO2 pro-
duced through animal respiration were considered to 
balance and were not specifically accounted for.
The breed-specific performance data gathered from 
DairyMetrics were based on a 12-mo RHA for each 
breed, extending from November 2008 to November 
2009. The majority of the feed supplied to animals 
within this database would have been harvested in 
2008; therefore, total land use was derived from a 
function of the annual whole population feed require-
ment and published crop yields for 2008 according to 
USDA-NASS (2010). Fertilizer application rates for 
crop production were according to the most recently 
published US data for corn (USDA-NASS, 2006) and 
soybeans (USDA-NASS, 2007); data for alfalfa from 
Pimentel and Pimentel (2007); and data from Barnhart 
et al. (2008) for grass hay. Wheat straw was considered 
a by-product of wheat production, thus straw harvest-
ing inputs were included according to Pimentel and 
Pimentel (2007), but all fertilizer inputs were allocated 
to the grain portion of the wheat crop. Nitrous oxide 
emissions from fertilizer application were estimated 
from the factors published by the IPCC (2006). Carbon 
dioxide emissions from fertilizer and pesticide manufac-
ture were derived from West and Marland (2002), and 
similar emissions from fossil fuel combustion for crop 
production were calculated from US EPA (2010). Due 
to a lack of reliable data and the number of assump-
tions involved in applying a land use factor to cropland, 
carbon sequestered into soil was not included in the 
model calculations.
Voluntary water intake for each class of animal was 
calculated according to Holter (1992), with daily sanita-
tion water (used for cleaning and disinfection of milking 
equipment) added at a rate of 28.4 L per lactating cow. 
Annual electricity use for cattle housing (e.g., lighting 
and ventilation) was 326 kW per animal, with an ad-
ditional 247 kW per lactating cow for milk cooling and 
storage (Ludington and Peterson, 2005). The Energy 
Information Administration (2001) provided the data 
from which to calculate a nationwide factor for carbon 
dioxide emissions from electricity generation, which 
was applied to electricity use within the model. Total 
carbon footprint was calculated by applying carbon 
dioxide-equivalent factors from IPCC to methane (25) 
and nitrous oxide (298) to calculate the total carbon 
footprint as the sum of all methane, nitrous oxide and 
carbon dioxide emissions expressed in CO2-equivalents.
The environmental model was also used to inves-
tigate the contribution of individual breed-specific 
performance differences to the environmental impact 
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of milk production for Cheddar cheese manufacture. 
From the original breed-specific data source, 6 specific 
performance characteristics differed between Jersey 
and Holstein populations with sufficient specificity that 
could be accounted for in the model. The 6 performance 
characteristics were BW, milk yield, milk nutrient den-
sity, herd life, AFC, and CI. A switch-over comparison 
changed a single characteristic (and all associated 
population inputs and outputs) while holding the other 
5 characteristics constant, essentially providing for a 
Holstein population to receive a single Jersey character-
istic (and vice versa), thus identifying the major factors 
influencing total environmental impact.
RESULTS AND DISCUSSION
The US dairy industry has made considerable prog-
ress in reducing the environmental impact of milk pro-
duction, with a 63% decrease in the carbon footprint 
per unit of milk conferred by improved productivity 
between 1944 and 2007 (Capper et al., 2009). Imple-
menting management practices and technologies that 
reduce natural resource use and environmental impact 
per unit of dairy production will become increasingly 
important as the global population and demand for 
milk increase. Productivity plays a major role in the to-
tal environmental impact of any food product. A recent 
report from the Food and Agriculture Organization 
(2010) concluded that industrialized nations produced 
milk with a smaller carbon footprint than developing 
nations. Examining the regional data shows that a 
negative relationship generally exists between annual 
milk production per cow and carbon footprint: as milk 
production increases, the carbon footprint decreases. 
On a national level, improving milk yield per cow has 
also been shown to reduce natural resource use and 
waste emissions per unit of milk (Capper et al., 2008).
As shown in Table 1, average Holstein milk yield was 
8.2 kg greater than that of the Jersey cow. In a simple 
analysis that considers milk to be a generic product, 
regardless of nutrient density, it could be expected that 
the improved productivity from the Holstein would 
result in a lower environmental impact compared with 
the Jersey cow. However, as shown in Table 3, an extra 
957 × 103 t of Holstein milk is required to yield 500,000 
t of Cheddar cheese compared with the equivalent 
cheese production from Jersey cows. This is a direct 
consequence of the increased nutrient density of milk 
produced from Jersey cows which, according to the 
Van Slyke equation (Coggins, 1991), would result in a 
Cheddar cheese yield of 0.125 kg of cheese/kg of milk 
compared with 0.101 kg of cheese/kg of milk for the 
Holstein (Table 1). A considerable body of popular and 
scientific literature is currently devoted to comparing 
the environmental impact of food products (de Vries 
and de Boer, 2010; National Geographic, 2010; Peters 
et al., 2010), with the emphasis placed on consumers 
having the ability to make dietary choices that reduce 
resource use or GHG emissions. Labeling campaigns 
that show the carbon emissions of dairy products have 
also been undertaken by major grocery chains. Pro-
moting consumer education concerning the effects of 
dietary choice upon environmental issues is a laudable 
endeavor; however, it is vital that the nutrient density 
of the foodstuffs is taken into account. Approximately 
10 kg of milk is required to yield 1 kg of cheese, with 
a corresponding increase in environmental impact per 
kilogram. Consumers might therefore believe that fluid 
milk is a more suitable dietary choice than cheese, 
regardless of the increased nutrient density of cheese. 
All food has an environmental impact; it is essential 
therefore to compare not only per functional unit (kilo-
gram or liter) but also on a standardized nutrient basis, 
which demonstrates the environmental advantage of 
improving milk nutrient density.
Productivity is conventionally assumed to refer to 
milk yield per cow, but within the current study, may 
also be defined as cheese yield per cow. As shown in Fig-
ure 1, the average Jersey cow yields 2.6 kg of Cheddar 
cheese/d, compared with 2.9 kg of Cheddar cheese/d 
from an average Holstein. Previous work demonstrated 
that improving productivity reduces the total number 
of animal required to produce a set amount of milk 
and, in consequence, environmental impact is reduced 
(Capper et al., 2008, 2009). As expected, therefore, the 
slight reduction in daily Cheddar cheese yield means 
that the Jersey population requires more lactating cows 
and a greater supporting population (dry cows, replace-
ment heifers, mature and adolescent bulls; Table 3). 
The magnitude of the potential difference in support-
ing population size is somewhat mitigated by the lower 
heifer:cow ratio in the Jersey population resulting from 
the 0.8-mo difference in AFC.
One of the most notable features of the current analy-
sis is the effect of animal BW upon natural resource use 
and environmental impact, an effect that has not been 
previously quantified. The DOM concept, whereby the 
proportion of total daily energy attributed to the main-
tenance requirement is reduced as milk yield increases, 
is the mechanism behind reductions in environmental 
impact at the individual animal and the supporting 
population level as a consequence of improved produc-
tivity (Capper et al., 2009). However, when comparing 
2 populations kept within their thermoneutral zone and 
with similar activity levels, BW is the primary determi-
nant of the underlying daily maintenance requirement 
upon which the DOM concept is founded. Reducing 
the daily maintenance requirement without adversely 
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affecting cheese yield would thus further affect the 
environmental impact of cheese production. The aver-
age Jersey cow, with a mature weight of 454 kg, has a 
maintenance energy requirement of 54 MJ/d compared 
with 76 MJ/d for the Holstein, which, in combination 
with the increased Cheddar cheese yield per kilogram 
of milk, reduces the nutritional energy requirement per 
kilogram of cheese from 72 MJ (Holstein) to 65 MJ 
(Jersey). One of the underlying principles of LCA is 
to include all system inputs and outputs within the 
defined boundaries, which, in this case, extend from the 
cropping system (including crop input manufacture) to 
the farm gate. In consequence, the maintenance energy 
requirement of the supporting population must also be 
Table 3. Annual natural resource use and environmental impact of producing 500,000 t of Cheddar cheese from Holstein or Jersey cows, with 
or without recombinant bST (rbST) 
Item
Holstein Jersey
No rbST rbST1 No rbST rbST1
Milk required, × 103 t 4,944 4,944 3,987 3,987
Number of lactating cows × 103 465.0 417.4 523.9 449.7
Total animals in the population × 103 987.5 886.3 1,079 926.2
Population body mass, × 103 t 484.6 435.0 359.6 308.6
Population maintenance energy requirement2, × 106 MJ 26,545 23,750 20,624 17,639
Population total energy requirement2, × 106 MJ 50,211 47,390 43,034 40,003
Feedstuffs,3 × 103 t 8,062 7,467 6,470 5,728
Land, ha × 103 847.8 792.7 750.3 687.4
Water,4 × 109 L 796.8 720.5 544.8 479.3
Nitrogen excretion, t 94,894 88,017 77,660 69,626
Phosphorus excretion, t 10,550 9,701 9,058 8,077
Manure, × 103 t 11,945 11,074 9,686 8,765
Methane, × 103 t 269.2 247.6 210.7 188.2
Nitrous oxide, × 103 t 1,894 1,806 1,732 1,612
Total carbon footprint,4,5 × 103 t 8,104 7,493 6,442 5,800
1Yield response to rbST supplementation equaled 3.3 kg/d (Holstein) and 3.4 kg/d (Jersey) when corrected for calving interval and herd life.
2Refers to nutrients required for maintenance (all animals), pregnancy (dry cows), growth (heifers and adolescent bulls), and lactation (lactating 
cows).
3Based on rations formulated to meet nutrient requirements using alfalfa hay, corn silage, corn grain, and soybean meal as primary ingredients.
4Adjusted for the environmental impact of rbST manufacture.
5Total methane, nitrous oxide, and carbon dioxide emissions expressed as CO2-equivalents.
Figure 1. The effect of breed type, milk yield, milk composition, and relative proportion of daily energy used for maintenance versus lacta-
tion on energy use (and thus natural resource use) per kilogram of cheese.
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factored into the analysis. In this context, maintenance 
is equivalent to the maintenance energy requirements of 
all animals within the population, plus energy required 
for pregnancy (dry cows) and growth (primiparous 
cows, replacement heifers and adolescent bulls). The 
reduction in individual Jersey animal BW resulted in 
a population body mass of 360.0 × 103 t compared 
with 484.6 × 103 t for the Holstein population. When 
the population maintenance requirement is taken 
into consideration, the total daily nutritional energy 
requirement of Cheddar cheese yielded by the Jersey 
population is 86 MJ/kg compared with 100 MJ/kg for 
the Holstein population. The mechanism by which the 
Jersey population reduces environmental impact per 
unit of Cheddar cheese yield is therefore based on both 
“reduction” and “dilution” of maintenance.
According to the first law of thermodynamics, en-
ergy cannot be created or destroyed, it can only change 
form. The daily energy requirement to feed the entire 
population can therefore be considered a proxy for re-
source use. This suggestion is borne out by the results 
in Table 3: because of the interplay between population 
BW and cheese yield, the Jersey population required 
1,592 × 103 t less feedstuffs, 98 × 103 fewer hectares of 
land, and 252 × 109 fewer liters of water to produce the 
same cheese yield as the Holstein population.
Extending system boundaries past the farm gate to 
the processing stage was beyond the scope of the cur-
rent study. Setting the system boundaries at the manu-
facture of cropping inputs and ending at the farm gate 
provides for other LCA models for processing, retail, 
and consumption to build upon this work; such models 
should consider the effect of changes in whey produc-
tion, excess cream, and so on. Nonetheless, we predict 
that the increase in nutrient density of milk produced 
by the Jersey population would result in less water 
being discarded during the cheese production process. 
Debate continues as to whether the earth can support 
the increase in population predicted to plateau in 2050, 
with land and water scarcity likely to lead to significant 
food shortages at the local level (Food and Agriculture 
Organization, 2008). Thus, management practices that 
allow the human population’s demand for dairy prod-
ucts to be met while using less land and water per unit 
of food are a positive step toward maintaining future 
dairy industry sustainability.
Nutrient flows from animal production systems are 
of particular environmental concern because run-off 
into water systems increases the potential for eutro-
phication and consequent loss of water quality and 
biodiversity. The increased Cheddar cheese yield from 
Jersey milk reduced total N and P excretion by 17,234 
t and 1,492 t, respectively, and led to a 2,259 × 103 t 
decrease in manure output compared with the Holstein 
population. Emissions from manure account for a sig-
nificant proportion of total GHG attributed to dairy 
production (Food and Agriculture Organization, 2010); 
manure output therefore has a potentially adverse ef-
fect upon climate change. The total carbon footprint, 
expressed as the sum of CO2-equivalents (CO2-eq) 
carbon dioxide, methane, and nitrous oxide emissions 
was reduced by 20.5% by the use of Jersey milk, with 
carbon footprints of 6,442 × 103 t of CO2-eq/500,000 t 
of cheese yield for the Jersey population compared with 
8,104 × 103 t of CO2-eq/500,000 t of cheese yield for the 
Holstein population. The scientific consensus is that 
GHG are forcing a change in climatic conditions that 
results in greater temperature variability for specific 
regions, although the immediate and future effects of 
this change upon human and animal populations have 
not been quantified with any degree of certainty (Moss 
et al., 2010). Nonetheless, reducing the carbon foot-
print per unit of cheese yielded is advantageous, both 
from a climate perspective and to ensure that the dairy 
industry continues to receive social license to function.
The Effect of rbST Supplementation  
on Environmental Impact
The use of rbST to improve productivity within the 
lactating cow herd allows for a reduction in resource use 
and environmental impact per unit of milk as detailed by 
Capper et al. (2008), Dunlap et al. (2000), and Johnson 
et al. (1992). The response to rbST supplementation is 
not proportional to milk yield—when animals are given 
the opportunity to increase DMI to account for greater 
milk production, milk yield shows a central tendency 
to increase by 4.5 kg/d. Given that the average Jersey 
cow within the current study produced 8.2 kg of milk/d 
less than the average Holstein cow, a yield increase of 
4.5 kg/d would be expected to have a greater effect 
upon resource use in the Jersey population than in the 
Holstein population.
The effect of rbST supplementation upon resource 
use and environmental impact in Jersey and Holstein 
populations is shown in Table 3. Milk nutrient den-
sity is unaffected by rbST supplementation (Barbano 
et al., 1988), thus the quantity of milk required to 
produce 500,000 t of Cheddar cheese was unchanged 
compared with that required from populations without 
rbST supplementation. As previously discussed, the 
environmental impact of rbST supplementation within 
a specific population is mediated through a change in 
population size, with fewer animals in both the Jersey 
and Holstein populations given rbST (450 × 103 and 
417 × 103 animals, respectively) compared with their 
nonsupplemented counterparts (524 × 103 animals in 
the Jersey population and 465 × 103 animals in the Hol-
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stein population). The relative environmental impact of 
a 4.5-kg increase in milk yield is revealed when changes 
in resource use and emissions are compared between 
supplemented and nonsupplemented Jersey and Hol-
stein populations. Use of rbST in the Jersey population 
resulted in an 11.5% decrease in feed requirements per 
unit of cheese, a 12.0% decrease in water use, and an 
8.4% decrease in land use compared with 7.4, 9.6, and 
6.5% decreases in feed, water, and land requirements to 
produce 500,000 t of Cheddar cheese from the Holstein 
population. Manure production was reduced by 8.5% 
in the Jersey population given rbST supplementation 
compared with 7.3% in the Holstein population. As 
a consequence of the difference in baseline milk yield 
between the Jersey and Holstein populations, rbST 
supplementation had a greater effect upon the total 
GHG involved in producing Cheddar cheese from Jer-
sey milk, with a 10.0% reduction in total carbon foot-
print compared with 7.5% in the Holstein population. 
The reduction in carbon footprint conferred by rbST 
supplementation of the Holstein population was similar 
to the results reported in a previous analysis from our 
group (Capper et al., 2008). The slight difference in 
the environmental impact of using rbST in the current 
study’s Holstein population compared with that in the 
previous study can be attributed to the use of a model 
that has developed considerably in detail, complexity, 
and breadth since publication of the original paper.
Evaluation of Performance Factor Effects  
Upon Environmental Impact
The analysis was extended beyond the initial Jersey 
versus Holstein comparison to elucidate the extent to 
which specific performance characteristics are pri-
marily responsible for the difference between these 2 
breed populations. Figures 2 and 3 show the effect of 
switching a single characteristic between the Jersey and 
Holstein populations, independent of all other charac-
teristics. Given the genetic and phenotypic correlations 
between performance characteristics, the results are not 
meant to reflect real-life situations, or to act as specific 
management recommendations; however, they demon-
strate the magnitude of each characteristic’s effect upon 
environmental impact within the current study. When 
characteristics were ranked according to their effect 
upon various resources used or environmental impacts, 
the rankings were similar, regardless of the resource or 
impact analyzed. In the interests of brevity, and in ac-
knowledgment of their current status as environmental 
issues of concern, only carbon footprint and water use 
per unit of cheese yield are therefore provided.
The results indicated that BW, milk yield, and nutri-
ent density differences between the 2 breeds had the 
greatest effect upon carbon footprint and water use 
per unit of cheese yield (Figures 2 and 3). As previ-
ously discussed, this underlines the importance of both 
Figure 2. The effect of switching key breed-specific performance characteristics between Jersey and Holstein cattle on the carbon footprint 
of Cheddar cheese production. JE = Jersey cattle, HO = Holstein cattle; only one breed-specific performance trait was changed in each switch 
and all others remained constant; the carbon footprint is confined to greenhouse gas emissions produced within system boundaries extending 
from crop inputs to milk harvest and expressed as CO2-equivalents.
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reducing (BW) and diluting (milk yield and nutrient 
density) population maintenance as a means to reduce 
resource use and environmental impact. In contrast, 
variation in herd life, AFC, and CI had relatively small 
effects upon either water use or carbon footprint. The 
current study was based upon only 2 data points (av-
erage values for Jersey and Holstein populations) for 
the latter 3 performance characteristics, with relatively 
small differences between breeds. Further research into 
the effect of extending or reducing values for these per-
formance traits to the range currently exhibited by the 
US dairy herd is therefore warranted to draw sound 
conclusions regarding their overall effect upon resource 
use and environmental impact as compared with BW, 
milk yield, and milk nutrient density.
Intuitively, it would seem that increasing herd life 
would reduce population maintenance costs because 
fewer replacement animals would be required within 
the supporting population. Given the current sensitiv-
ity regarding GHG emissions from dairy production, 
Garnsworthy (2004) suggested that reducing culling 
rate through improved cow fertility was a key factor in 
reducing methane emissions from the UK dairy herd. 
However, the current results suggest that an increase in 
herd life (Holstein animals performing like Jersey; Fig-
ures 2 and 3) would actually increase carbon footprint 
and water use per unit of milk. Jersey herd life is cal-
culated as 3.00 lactations (Table 1) compared with 2.54 
lactations for the Holstein population, which reduces 
the average milk yield per cow because the difference 
in time spent in the herd is during the lower-yielding 
portion of lactation. If the difference in herd life were 
such that the Jersey population extended their lifetime 
through the dry period and into the next lactation, a 
point would be reached at which average milk yield 
would be increased sufficiently to alter the results. The 
effect of herd life upon resource use and environmental 
impact warrants further investigation, as the response 
may not be linear but may vary according to the time 
spent in the various stages of lactation over the lifetime 
and the stage of lactation when an animal is culled.
Calving interval is closely associated with fertility 
(Garnsworthy, 2004) and an increase in average milk 
yield across the lactation (Oltenacu et al., 1981), with a 
greater proportion of time spent in early and mid lacta-
tion. The results in Figure 2 and 3 illustrate this asso-
ciation, with a decrease in carbon footprint and water 
use when CI is reduced from the Holstein baseline (14.1 
mo) to that representative of the Jersey population 
(13.7 mo). Reducing AFC from 26.1 mo (Holstein pop-
ulation) to 25.3 mo (Jersey population) decreases the 
population maintenance requirement as heifers spend 
less time in the nonproductive period before entering 
the herd. This reduces the carbon footprint per unit of 
cheese yield (Figure 2), yet switching the AFC between 
either breed increases water use per unit of cheese (Fig-
ure 3). This seemingly anomalous result occurs through 
2 mechanisms. First, increasing AFC (Jerseys perform-
ing like Holsteins) increases the population mainte-
nance cost, thus increasing water requirements. Second, 
Figure 3. The effect of switching key breed-specific performance characteristics between Jersey and Holstein cattle on water use for Cheddar 
cheese production. JE = Jersey cattle, HO = Holstein cattle; only one breed-specific performance trait was changed in each switch, and all others 
remained constant; water use refers to use within system boundaries extending from crop inputs to milk harvest.
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decreasing AFC (Holsteins performing like Jerseys) 
increases the growth rate required to reach adequate 
BW at calving (544 kg), thus increasing voluntary wa-
ter intake and the use of irrigation-intensive feedstuffs 
(corn, soybean meal) within the ration. These results 
only hint at the complexity involved in determining 
the effect of reproductive efficiency and replacement 
program management on the environmental impact of 
dairy production and should serve as a warning against 
making intuitive and perhaps spurious claims without 
scientific support. These findings furthermore indicate 
the need for further research in this area.
Variation among studies in terms of methodology, in-
clusion of specific inputs and outputs, establishment of 
system boundaries, and differences in allocation strate-
gies all lead to a great deal of difficulty in establishing 
a definitive carbon footprint or resource use value per 
kg of food produced. For example, recent LCA of US 
milk production have produced values ranging from 1.0 
kg of CO2-eq/kg of milk (Food and Agriculture Orga-
nization, 2010) to 1.35 kg of CO2-eq/kg of milk (Cap-
per et al., 2009). It should be noted that the principal 
objective of this study was to illustrate the potential 
for environmental impact reduction by changes in 
performance characteristics, rather than to provide a 
definitive value for the environmental impact of pro-
ducing Cheddar cheese from either Jersey or Holstein 
milk. The current study is a point-in-time comparison 
based on data collected in November 2009 and thus the 
values for resource use or environmental impact cannot 
be assumed representative of all Jersey versus Holstein 
comparisons regardless of time point, population size, 
or geographical location. Indeed, the results would dif-
fer with any change in milk yield, milk nutrient density, 
or BW between the populations. Nonetheless, the delta 
and directional trends in resource use and environ-
mental impact between populations may be referred 
to with confidence. Other dairy breeds that display 
performance characteristics intermediate between the 
2 extremes used within the current study would be ex-
pected to have an environmental impact falling among 
the range displayed within this study.
CONCLUSIONS
Producing Cheddar cheese from Jersey milk consumes 
fewer natural resources and has a lower environmental 
impact compared with that using milk from Holstein 
cows. The interaction between improved milk nutrient 
density and reduced BW demonstrated by the Jersey 
population overcomes the reduced daily milk yield 
(compared with Holstein cows), thus reducing resource 
use and environmental impact per unit of cheese yield. 
Using rbST to improve productivity decreases consump-
tion of natural resources and GHG emissions per unit 
of Cheddar cheese, with a greater effect in Jersey cows 
compared with Holstein cows because the incremental 
increase in milk yield due to rbST is equal across the 2 
breeds but the proportional increase is greater in Jer-
sey due to their lower baseline production. As concerns 
over the environmental impact of livestock production 
continue to grow, it is crucial to focus on both diluting 
(milk component yield) and reducing (BW) population 
maintenance requirements to further reduce natural 
resource use and the environmental impact of dairy 
production.
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